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Insect biodiversity peaks in tropical rainforest environments where a large 
but as yet unknown proportion of species 
are found in the canopy. While there has 
been a proliferation of insect biodiver-
sity research undertaken in the rainfor-
est canopy, most studies focus solely on 
insects that inhabit the foliage. In a recent 
paper, we examined the distribution of 
canopy insects across five microhabi-
tats (mature leaves, new leaves, flowers, 
fruit and suspended dead wood) in an 
Australian tropical rainforest, showing 
that the density (per dry weight gram of 
microhabitat) of insects on flowers were 
ten to ten thousand times higher than 
on the leaves. Flowers also supported a 
much higher number of species than 
expected based on their contribution to 
total forest biomass. Elsewhere we show 
that most of these beetle species were 
specialized to flowers with little overlap 
in species composition between different 
canopy microhabitats. Here we expand 
our discussion of the implications of our 
results with respect to specialization and 
the generation of insect biodiversity in 
the rainforest canopy. Lastly, we identify 
future directions for research into the 
biodiversity and specialization of flower-
visitors in complex tropical rainforests.
The extraordinary biodiversity of insects 
in tropical rainforest canopies has been the 
inspiration and basis for the development 
of many theories attempting to explain the 
evolution of plant-animal interactions,1-4 
food web dynamics,5 and global biodiver-
sity patterns.6-9 However, almost all of our 
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current hypotheses, predictions and theo-
ries have been based on the assumption 
that the majority of insects are herbivores 
associated with leaves.10 Species inhabiting 
other canopy microhabitats have previ-
ously been considered to represent a minor 
component of insect biodiversity and have 
subsequently been overlooked or omitted 
in studies of insect biodiversity (see6-9).
In a novel approach, we simultane-
ously sampled invertebrates from multiple 
canopy microhabitats in order to make 
comparisons in the importance of differ-
ent resources for supporting invertebrate 
abundance and species richness and to test 
the assumption that most canopy insects 
are leaf-associated herbivores. The primary 
results of our paper11 was the demonstra-
tion that (i) the invertebrate assemblage 
inhabiting the leaves is not representa-
tive of the wider canopy community, and 
(ii) each microhabitat supports a unique 
assemblage in terms of species composi-
tion, species richness, relative abundances, 
and density. In particular, flowers con-
stitute a very important, but until now 
under-appreciated, microhabitat for spe-
cies richness and abundance. Despite con-
stituting a tiny fraction of canopy biomass, 
flowers supported invertebrate densities 
that were one to three orders of magnitude 
greater than on the leaves. Species-level 
analysis of the beetle fauna estimated that 
flowers were utilized by ~41% of species, 
with a high level of microhabitat fidelity 
resulting in little overlap in species com-
position between microhabitats.11
Further work performed using the 
same data set, however, also revealed the 
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been assumed that flower-visitors (or spe-
cies on other microhabitats) were not 
likely to display high levels of host speci-
ficity or support high species richness 
(see5,8,29). The implications of these results 
for the evolution and estimation of global 
biodiversity and food web dynamics will 
require studies documenting the diver-
sity and specialization of flower-visitors in 
other rainforest locations.11 While some 
information is available for some areas or 
plant groups,1,26-29 detailed examinations 
of flower-visiting insects are scarce for 
tropical rainforests. For example, although 
the fauna and flora of the Australian Wet 
Tropics is very well known, the pollination 
biology of less than 1% of the plant species 
has been studied, and the Australian flora 
is much better known than most tropical 
rainforest areas.30 Ultimately, the poten-
tial for flower-visitors to significantly alter 
our current understanding of the extent, 
influence and generation of biodiversity 
in tropical rainforests means that flower-
visitors, not just pollinators, can no longer 
be ignored.
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with the species richness of the flowering 
plant community, a pattern typical of the 
species richness of herbivores on leaves.8,9
The diversification and dominance 
of modern angiosperms has long been 
thought to be the result of the interac-
tion between flowering plants and insect 
pollinators,19,20 and it has been suggested 
that pollinating beetles in particular were 
instrumental in promoting early angio-
sperm diversification.20 However, the 
hypothesis that angiosperm diversifica-
tion was the result of specialist pollination 
syndromes remains controversial (see22,23), 
since generalized insect pollination and 
wind pollinated systems outnumber spe-
cialist systems.1,24 While there has been 
a large focus on the evolutionary role of 
pollinators, most insects that visit flowers 
probably do not carry out pollination.14 
Flowers represent high quality resources 
to many insects, and while some species 
inadvertently benefit the host plant by 
transporting pollen, flower-visiting insects 
may utilize flowers for a variety of rea-
sons. Independent of whether a species is 
an active pollinator, flower visitation and 
the utilization of flowers as a resource in 
tropical forests may still lead to adapta-
tion, diversification and specialization.14 
For example, pollen feeding is proposed 
to represent the precursor of foliage feed-
ing in many herbivorous groups.21 Floral 
herbivory therefore, rather than pollina-
tion per se, may have played a substantial 
role in both the diversification of insects 
and the radiation of angiosperms during 
the Cretaceous.14,25 This is consistent with 
our hypothesis that specialization among 
flower-visitors is independent of the role 
played by flower-visiting species and is 
instead a function of local plant diversity.
Future Directions
As our study11 is one of the few to exam-
ine the fauna attracted to flowers in tropi-
cal rainforests, it is impossible to know 
how they generalize to other locations. It 
seems, however, that there is prima facie 
reason to expect high levels of specializa-
tion rather than low levels. For one, our 
conclusions are not counter-intuitive or 
contradictory to existing evidence, but 
are instead logically consistent (e.g.8,9,14,18). 
What is perhaps surprising is that it has 
occurrence of unexpectedly high levels 
of host specialization among flower visit-
ing beetles (Wardhaugh et al. in review). 
These results suggest that the beetle fauna 
is under selective pressure to form and 
maintain strong host-plant associations 
based on the floral or phenological traits 
of individual plant species. Furthermore, 
the occurrence of so many invertebrates 
on flowers undoubtedly has a significant 
effect (both positive and negative) on 
the reproductive possibilities of the host 
plants.12,13 Here, we further expand on the 
possible significance of the interactions 
between flowering plants and flower-visit-
ing insects in the evolution and diversifi-
cation of both plants and insects.14
The Generation of Flower-Visiting 
Insect Biodiversity
High levels of host specificity, combined 
with taxonomic conservatism in micro-
habitat utilization,15 suggest that high 
species richness among flower-visitors 
has been the result of diversification and 
adaptation in response to host plant char-
acteristics. For herbivores on leaves, diver-
sification is thought to be in large part the 
result of coevolutionary responses between 
herbivores and host plant defenses.16 We 
suggest that this is unlikely to be the case 
on flowers since they are generally less well 
defended against herbivores than leaves17 
since flowers also must function to attract 
pollinators, and high levels of defense may 
hinder reproductive success.13 We suggest 
that high species richness and host speci-
ficity among flower-visitors could be the 
result of the requirement to locate unique 
hosts embedded in a diverse multitude of 
non-hosts.18 In most tropical rainforests 
local plant diversity is typically very high, 
and, as a consequence, local densities of 
individual plant species is often very low. 
In addition, species diversity of plants 
may also result in high diversity of olfac-
tory and other signals from plants seek-
ing to attract insect pollinators to flowers. 
Specialising on locating one or a few host 
plant species may shorten searching and 
decision times, thus conserving energy and 
reducing exposure to time-based mortality 
factors.18 Under this scenario, the degree 
of specialization among the flower-visitor 
community will be positively associated 
www.landesbioscience.com Communicative & Integrative Biology e22509-3
25. Crepet WL. Advanced (constant) insect pollina-
tion mechanisms: pattern of evolution and impli-
cations vis-á-vis angiosperm diversity. Ann 
Mo Bot Gard 1984; 71:607-30; http://dx.doi.
org/10.2307/2399041.
26. Gottsberger G. Some pollination strategies in neo-
tropical savannas and forests. Plant Syst Evol 1986; 
152:29-45; http://dx.doi.org/10.1007/BF00985349.
27. Momose K, Yumoto T, Nagamitsu T, Kato M, 
Nagamasu H, Sakai S, et al. Pollination biology in 
a lowland dipterocarp forest inSarawak, Malaysia. 
I. Characteristics of the plant-pollinator communi-
tyin a lowland dipterocarp forest. Am J Bot 1998; 
85:1477-501; PMID:21684899; http://dx.doi.
org/10.2307/2446404.
28. Hansman DJ. Floral biology of dry rainforest in 
north Queensland and a comparison with adjacent 
savanna woodland. Aust J Bot 2001; 49:137-53; 
http://dx.doi.org/10.1071/BT00017.
29. Ødegaard F. Species richness of phytophagous beetles 
in the tropical tree Brosimum utile (Moraceae): the 
effects of sampling strategy and the problem of tour-
ists. Ecol Entomol 2004; 29:76-88; http://dx.doi.
org/10.1111/j.0307-6946.2004.00580.x.
30. Gross CL. A comparison of the sexual systems in 
the trees from the Australian tropics with other 
tropical biomes--more monoecy but why? Am J Bot 
2005; 92:907-19; PMID:21652474; http://dx.doi.
org/10.3732/ajb.92.6.907.
17. Carisey N, Bauce E. Impact of balsam fir f lowering 
on pollen and foliage biochemistry in relation to 
spruce budworm growth, development and food uti-
lization. Entomol Exp Appl 1997; 85:17-31; http://
dx.doi.org/10.1046/j.1570-7458.1997.00231.x.
18. Bernays EA. Neural limitations in phytophagous 
insects: implications for diet breadth and evolution 
of host affiliation. Annu Rev Entomol 2001; 46:703-
27; PMID:11112184; http://dx.doi.org/10.1146/
annurev.ento.46.1.703.
19. Regal PJ. Ecology and evolution of f lower-
ing plant dominance. Science 1977; 196:622-9; 
PMID:17760038; http://dx.doi.org/10.1126/sci-
ence.196.4290.622.
20. Grimaldi D. The co-radiations of pollinating 
insects and angiosperms in the Cretaceous. Ann 
Mo Bot Gard 1999; 86:373-406; http://dx.doi.
org/10.2307/2666181.
21. Farrell BD. “Inordinate Fondness” explained: why 
are there So many beetles? Science 1998; 281:555-
9; PMID:9677197; http://dx.doi.org/10.1126/sci-
ence.281.5376.555.
22. Ren D. Flower-associated brachycera f lies as fossil 
evidence for jurassic angiosperm origins. Science 
1998; 280:85-8; PMID:9525862; http://dx.doi.
org/10.1126/science.280.5360.85.
23. Gottsberger G. Comments on flower evolution and 
beetle pollination in the genera Annona and Rollinia 
(Annonaceae). Plant Syst Evol 1989; 167:189-94; 
http://dx.doi.org/10.1007/BF00936405.
24. Bernhardt P. Convergent evolution and adaptive 
radiation of beetle-pollinated angiosperms. Plant Syst 
Evol 2000; 222:293-320; http://dx.doi.org/10.1007/
BF00984108.
9. Novotny V, Basset Y, Miller SE, Weiblen GD, 
Bremer B, Cizek L, et al. Low host specificity 
of herbivorous insects in a tropical forest. Nature 
2002; 416:841-4; PMID:11976681; http://dx.doi.
org/10.1038/416841a.
10. Novotny V, Basset Y. Host specificity of insect 
herbivores in tropical forests. Proc Biol Sci 2005; 
272:1083-90; PMID:16024368; http://dx.doi.
org/10.1098/rspb.2004.3023.
11. Wardhaugh CW, Stork NE, Edwards W, Grimbacher 
PS. The overlooked biodiversity of f lower-vis-
iting invertebrates. PLoS One 2012; 7:e45796; 
PMID:23029246; http://dx.doi.org/10.1371/jour-
nal.pone.0045796.
12. Louda SM, Potvin MA. Effect of inflorescence-feed-
ing insects on the demography and lifetime fitness 
of a native plant. Ecology 1995; 76:229-45; http://
dx.doi.org/10.2307/1940645.
13. McCall AC, Irwin RE. Florivory: the intersection of 
pollination and herbivory. Ecol Lett 2006; 9:1351-
65; PMID:17118009; http://dx.doi.org/10.1111/
j.1461-0248.2006.00975.x.
14. Frame D. Generalist f lowers, biodiversity and florivo-
ry: implications for angiosperm origins. Taxon 2003; 
52:681-5; http://dx.doi.org/10.2307/3647343.
15. Wardhaugh CW, Edwards W, Stork NE. Variation in 
beetle community structure across five microhabitats 
in Australian tropical rainforest trees. Insect Conserv 
Diver 2012; http://dx.doi.org/10.1111/icad.12001, In 
press.
16. Becerra JX. Insects on plants: macroevolutionary 
chemical trends in host use. Science 1997; 276:253-
6; PMID:9092474; http://dx.doi.org/10.1126/sci-
ence.276.5310.253.
